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Scutellarin prevents acute alcohol-induced liver injury via
inhibiting oxidative stress by regulating the Nrf2/HO-1 pathway
and inhibiting inflammation by regulating the AKT, p38
MAPK/NF-kB pathways

Xiao ZHANG", Zhicheng DONG”, Hui FAN', Qiankun YANG', Guili YU', Enzhuang PAN', Nana HE',
Xueqing LI', Panpan ZHAO®, Mian FU"", Jingquan DONG""

"Jiangsu Key Laboratory of Marine Bioresources and Environment / Co-Innovation Center of Jiangsu Marine Bio-Industry Technology / Jiangsu
Key Laboratory of Marine Pharmaceutical Compound Screening, College of Pharmacy, Jiangsu Ocean University, Lianyungang 222005, China
ZDeparlment of Oncology, the Second People’s Hospital of Lianyungang, Lianyungang 222000, China

*Institute of Neuroscience, the First People’s Hospital of Lianyungang, Lianyungang 222000, China

Abstract: Alcoholic liver disease (ALD) is the most frequent liver disease worldwide, resulting in severe harm to personal
health and posing a serious burden to public health. Based on the reported antioxidant and anti-inflammatory capacities of
scutellarin (SCU), this study investigated its protective role in male BALB/c mice with acute alcoholic liver injury after oral
administration (10, 25, and 50 mg/kg). The results indicated that SCU could lessen serum alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) levels and improve the histopathological changes in acute alcoholic liver; it reduced
alcohol-induced malondialdehyde (MDA) content and increased glutathione peroxidase (GSH-Px), catalase (CAT), and superoxide
dismutase (SOD) activity. Furthermore, SCU decreased tumor necrosis factor-a (TNF-a), interleukin-6 (/L-6), and /L-1f messenger
RNA (mRNA) expression levels, weakened inducible nitric oxide synthase (iNOS) activity, and inhibited nucleotide-binding
oligomerization domain (NOD)-like receptor protein 3 (NLRP3) inflammasome activation. Mechanistically, SCU suppressed
cytochrome P450 family 2 subfamily E member 1 (CYP2EI) upregulation triggered by alcohol, increased the expression of
oxidative stress-related nuclear factor erythroid 2-related factor 2 (Nrf2) and heme oxygenase-1 (HO-1) pathways, and suppressed
the inflammation-related degradation of inhibitor of nuclear factor-kB (NF-«kB)-a. (IkBa) as well as activation of NF-kB by mediating
the protein kinase B (AKT) and p38 mitogen-activated protein kinase (MAPK) pathways. These findings demonstrate that SCU
protects against acute alcoholic liver injury via inhibiting oxidative stress by regulating the Nrf2/HO-1 pathway and suppressing
inflammation by regulating the AKT, p38 MAPK/NF-«B pathways.
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1 Introduction on the ALD spectrum. Clinically, the treatment strategy
for ALD mainly relies on abstinence and nutritional

Alcoholic liver disease (ALD) is a major liver dis-  supplements (Orman et al., 2013). Some drugs such
ease, causing approximately 2 million deaths each year  as glucocorticoids have certain therapeutic effects in the
worldwide (Szabo et al., 2019). Long-term excessive  clinical treatment of ALD but result in obvious side
intake of alcohol can give rise to a range of diseases  effects. Currently, no safe or effective drug therapy
exists for ALD. Hence, finding a potent and risk-free
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and the catalase (CAT) system. Excessive drinking will
increase the expression of cytochrome P450 family
2 subfamily E member 1 (CYP2E1), and upregulate
reactive oxygen species (ROS) (Ceni et al., 2014). To
eliminate excessive ROS, antioxidant enzymes such as
superoxide dismutase (SOD) will be largely depleted
(Itoh et al., 1997; Sporn and Liby, 2012; Iranshahy et al.,
2018). The resulting imbalance in the levels of oxi-
dants and antioxidants triggers oxidative stress and
leads to liver damage. In addition, alcohol metabolism
will induce toxic acetaldehyde release as an endogenous
damage-associated molecular pattern (DAMP), which
in turn activates the nuclear factor-kB (NF-kB) path-
way or nucleotide-binding oligomerization domain
(NOD)-like receptor protein 3 (NLRP3) inflammasome
pathway, upregulate the transcription of proinflamma-
tory cytokines, such as tumor necrosis factor-a. (TNF-a)
and interleukin-1f (IL-1B), and finally cause inflam-
mation (Kubes and Mehal, 2012; Yu et al., 2018). The
boost in inflammatory factors leads to immune dis-
orders and impairs hepatic functions. Once the above
stimuli are present, nuclear factor erythroid 2-related
factor 2 (Nrf2) will be dissociated from oxidized Kelch-
like ECH-associated protein 1 (Keapl), enter the nu-
cleus, and then bind to antioxidant response elements
(Otterbein et al., 2003), resulting in the expression of
antioxidant and detoxification genes, such as heme
oxygenase-1 (HO-I). Meanwhile, Nrf2 also constrains
the NF-kB pathway and alleviates oxidative stress-
induced inflammation (Itoh et al., 1997; Sporn and
Liby, 2012; Iranshahy et al., 2018). Therefore, the pur-
suit for natural drugs with anti-inflammatory and anti-
oxidant properties has broad prospects in preventing
and treating ALD.

Scutellarin (SCU) is a flavonoid-active component
in the medicinal herb Erigeron breviscapus (Wang and
Ma, 2018). SCU has various pharmacological proper-
ties, including antioxidant (Kim et al., 2016) and anti-
inflammation (Qian et al., 2011; Zhao et al., 2016; Zeng
and Cai, 2017). It can alleviate non-alcoholic fatty liver
disease (NAFLD) via regulating the Nrf2 and NF-xB
pathways (Zhang XX et al., 2018). In addition, SCU can
also attenuate alcohol-induced acute brain injury in
mice (Zhang et al., 2022). Yet, the effect of SCU in acute
alcoholic liver injury remains unclear. The purpose of
this study was to explore whether SCU can protect
against acute alcoholic liver injury as a preventive drug,
and to further investigate the relevant mechanism.

2 Materials and methods
2.1 Reagents

SCU was supplied by Shanghai Winherb Medical
Technology Co., Ltd. (Shanghai, China). Bifendate was
obtained from Beijing Union Pharmaceutical Factory
(Beijing, China). Assay kits of glutathione peroxidase
(GSH-Px), alanine aminotransferase (ALT), malondi-
aldehyde (MDA), aspartate aminotransferase (AST),
SOD, catalase (CAT), and inducible nitric oxide syn-
thase (iNOS) were supplied by Nanjing Jiancheng Bio-
engineering Institute (Nanjing, China). SB203580 was
purchased from MedChemExpress (Shanghai, China).
MK-2206 2HCI was obtained from Selleck (Shanghai,
China).

2.2 Animals and treatment

Male BALB/c mice (20—22 g) were obtained from
Pizhou Dongfang breeding Co., Ltd. (Xuzhou, China).
The animals were kept in a relative humidity of (50+
10)%, (23+2) °C, and a light/dark cycle of 12 h, with
adequate food and sterile water. They were given 7 d
acclimatization period before the experiment.

The mice were randomly allocated into six groups
(n=5 each): (1) control group; (2) model group; (3) etha-
nol+SCU (10 mg/kg); (4) ethanol+SCU (25 mg/kg);
(5) ethanol+SCU (50 mg/kg); (6) ethanol+bifendate
(150 mg/kg). Animals in the SCU groups were given
SCU by intraperitoneal injection once a day for 3 d.
The other groups were administered an equal volume
of phosphate-buffered saline (PBS) by intraperitoneal
injection. Bifendate (150 mg/kg) was administered
intragastrically as a positive control (Wang et al., 2012).
Then, all mice received 50% ethanol (12 mL/kg) (Liu
X et al., 2019b) by oral gavage 1 h later on the last day,
except for the control group, which was gavaged with
an equal amount of sterile water. Blood samples were
collected after 12 h (Fig. 1a). Mice were euthanized
via cervical dislocation, and their liver tissue samples
were collected for further research.

2.3 Cell culture

HepG?2 cells were purchased by the Cell Bank of
the Chinese Academy of Sciences (Shanghai, China).
Cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Servicebio, Wuhan, China) contain-
ing 10% (volume fraction) fetal bovine serum (FBS),



100 pg/mL streptomycin, and 100 U/mL penicillin at
37 °C under 5% CO, atmosphere.

2.4 Cell viability assay

Monolayer HepG2 cells seeded in 96-well plates
(2.5%10" cells/well) were treated with SCU (0, 1, 5,
10, 20, 40, 80, and 200 pmol/L), ethanol (0, 50, 100,
200, 400, 600, 800, and 1000 mmol/L), or 600 mmol/L
ethanol after SCU (0, 20, 40, and 80 umol/L) treatment
for 1 h. After 24 h of incubation, the cell viability was
measured via the cell counting kit-8 (CCK-8) assay
according to the manufacturer’s protocol.

2.5 ROS measurement

Monolayer HepG2 cells (2.5%10* cells/well) or liver
tissue cell suspension (2x10° cells/mL) was incubated
with 2',7'-dichlorofluorescein diacetate (DCFH-DA;
10 pmol/L, Biosharp, Anhui, China) at 37 °C for 30 min
away from light. ROS levels were determined by
DCFH-DA staining, and fluorescence intensity was
measured by a fluorescence microplate reader (BioTek,
USA) under excitation/emission wavelength of 488 nm/
525 nm.

2.6 Immunofluorescence staining

Monolayer HepG2 cells seeded on 24-well cham-
ber slides were treated with SCU (80 pmol/L) for 1 h,
followed by ethanol (600 mmol/L) for 24 h. Immuno-
fluorescence assays were conducted as previously
described (Wang et al., 2018). Specifically, the primary
antibody was anti-NF-xB p65 (1:1000 (volume ratio,
the same as below); Cell Signaling Technology, MA,
USA), and the secondary antibody was fluorescein iso-
thiocyanate-conjugated goat anti-rabbit immunoglobu-
lin G (IgG) (1:400; EarthOx, San Francisco, USA). The
nucleus was stained with Hoechst 33528 (10 pg/mL; UE,
Suzhou, China). Cells were observed under a confocal
fluorescence microscope (Eclipse Ti2, Nikon, Japan).

2.7 Histopathological observation

Fresh liver tissues were fixed in 4% (volume frac-
tion) formaldehyde and embedded in paraffin wax. The
paraffin sections were stained with hematoxylin and
eosin (H&E), and observed through a microscope
(DS-Fi2, Nikon).

2.8 Detection of biochemical indicators

Liver SOD, MDA, CAT, and GSH-Px levels, as
well as serum AST and ALT levels, were tested by
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commercially available kits according to the manufac-
turer’s instructions.

2.9 Western blot

Proteins were extracted from liver and HepG2
cells and western blot assays were conducted as de-
scribed previously (Wang et al., 2018). The primary
antibodies were Nrf2, CYP2E1, HO-1, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH; Proteintech
Group, Inc., Wuhan, China), phosphorylated p38 (p-
p38), p38, phosphorylated protein kinase B (p-AKT),
AKT, p-NF-kB p65, NF-kB p65, inhibitor of NF-«kB-a
(IxkBa), phosphorylated extracellular signal-regulated
kinase 1/2 (p-ERK1/2), ERK1/2, phosphorylated c-Jun
N-terminal kinase (JNK), JNK (Cell Signaling Tech-
nology, MA, USA), caspase-1 and NLRP3 (Adipogen,
San Diego, CA, USA), apoptosis-associated speck-like
protein containing a caspase recruitment domain (ASC)
(Wanleibio, Shenyang, China), and B-tubulin (Abmart,
Shanghai, China). The horseradish peroxidase (HRP)-
conjugated secondary antibodies included goat anti-
mouse IgG (H+L) (1:5000; Proteintech Group, Inc.)
and goat anti-rabbit IgG (H+L) (1:5000; Proteintech
Group, Inc.). The dilution times for each antibody were
displayed in Table S1.

2.10 RT-gqPCR analysis

Total RNAs from liver tissues were extracted using
TRIzol reagent (Vazyme, Nanjing, China) and comple-
mentary DNA (cDNA) was synthesized with a reverse
transcription kit (Monad, Wuhan, China). Reverse tran-
scription quantitative real-time polymerase chain reac-
tion (RT-qPCR) was performed with the SYBR Green
gPCR mix (Monad). The reaction system and ampli-
fication procedure referred to previously described pro-
tocols (Yu et al., 2021). The messenger RNA (mRNA)
expression levels were calculated by the 27*** method.
The primer sequences were displayed in Table S2.

2.11 Statistical analysis

All values were presented as meantstandard devi-
ation (SD). Comparative analyses among groups were
performed by one-way analysis of variance (ANOVA)
accompanied by Dunnett’s multiple comparison test, fol-
lowed by statistics using GraphPad Prism 8.0 software
(https://www.graphpad.com/scientific-software/prism).
P<0.05 was considered statistically significant.
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3 Results

3.1 Protection of SCU against acute alcoholic liver
injury

Blood AST and ALT are the most common bio-
markers of liver injury. In comparison to the control
group, serum AST and ALT contents after ethanol
treatment were markedly increased, demonstrating that

the acute ALD animal model was successfully estab-
lished (Figs. 1b and 1c). In comparison to the model
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Day 9

group, SCU at 50 mg/kg pretreatment dose markedly
inhibited the elevation of serum ALT and AST levels,
and the effect was similar to that of positive control (P<
0.05). To further confirm whether SCU could alleviate
acute ALD, liver tissues were observed by H&E stain-
ing. Fig. 1d demonstrated that the liver tissue mor-
phology and structure were complete, and the liver cells
were arranged neatly, were round-shaped, and appeared
normal. However, after ethanol treatment, cell necrosis
and many inflammatory cell infiltrations were detected
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Fig. 1 Protection of SCU against acute alcoholic liver injury. (a) Experimental protocol for alcoholic liver injury model.
(b) ALT level in serum. (c¢) AST level in serum. (d) Histological analysis of the liver performed using H&E staining
(scale bar: 100 pm; black arrow: necrosis). All values (n=5) are demonstrated as meanzstandard deviation (SD). ™ P<0.01,
" P<0.001 versus control; * P<0.05 versus model. SCU: scutellarin; ALT: alanine aminotransferase; AST: aspartate
aminotransferase.



in the model group. SCU administration decreased
the number of inflammatory cells and alleviated the
hepatocyte injury in contrast to the model group, and
the positive group had a similar effect. These results
suggested that SCU alleviated alcoholic liver damage
in our mouse model.

3.2 Effects of SCU on CYP2E1 expression and
antioxidant capacity in mice

The process of alcohol consumption can cause
the formation of ROS, which initiates the occurrence
of oxidative stress (Zhao et al., 2021). The primary
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cause of ROS generation was attributed to CYP2EL1.
As shown in Figs. 2a and 2b, CYP2EI protein expres-
sion in the model group was notably raised. However,
the ethanol-induced elevation of CYP2E1 expression
was considerably reduced by SCU (25 and 50 mg/kg)
pretreatments. SCU (10 mg/kg) did not cause marked
change in the model group. To explore the antioxidant
capacity of SCU, the related indexes of antioxidant en-
zymes and peroxides were detected, including GSH-Px,
SOD, CAT, and MDA. Ethanol treatment resulted in
an elevated MDA level and the reduction in GSH-Px,
CAT, and SOD levels in the model group (Figs. 2¢c—2f).
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Fig. 2 Effects of SCU on CYP2E1 expression and oxidative stress in the liver of mice. (a) Protein expression of CYP2E1
in the liver analyzed by western blot. (b) Quantification of CYP2E1 protein expression in (a). GSH-Px (c), SOD (d), CAT (e),
and MDA (f) levels in the liver with different treatments. All values (#=5) are demonstrated as meantstandard deviation
(SD). ” P<0.01, ™" P<0.001 versus control; * P<0.05, * P<0.01, * P<0.001 versus model. SCU: scutellarin; CYP2E1: cytochrome
P450 family 2 subfamily E member 1; GSH-Px: glutathione peroxidase; SOD: superoxide dismutase; CAT: catalase;

MDA: malondialdehyde; prot: protein.
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However, SCU pretreatment reversed this result. In
contrast to the model group, SCU at 25 and 50 mg/kg
remarkably restrained the ethanol-induced reduction
in GSH-Px and SOD levels (Figs. 2¢ and 2d). SCU
at 50 mg/kg could significantly inhibit the reduction
in CAT level induced by ethanol, and SCU at 10 and
50 mg/kg markedly decreased the MDA content com-
pared with the model group (Figs. 2e and 2f). SCU
at 25 mg/kg also demonstrated a decreasing tendency
of MDA level, yet there was no remarkable change in
comparison with the model group (Figs. 2e and 2f).

These findings showed that SCU played an antioxidant
role by promoting GSH-Px, CAT, and SOD activity
while lowering MDA level.

3.3 Effects of SCU on the alcohol-induced Nrf2/
HO-1 pathway in vitro and in vivo

In order to explore the safe concentration of SCU
in HepG2 cells in vitro, the CCK-8 kit was used to
determine the cell viability. The results showed that
SCU below 80 pmol/L had no remarkable effect on the
viability of HepG2 cells (Fig. 3a). To establish a model
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of ethanol-damaged hepatocytes in vitro, the effects
of different ethanol concentrations on the viability of
HepG2 cells were determined. At 600 mmol/L ethanol
dose, cell viability decreased by about 50% (Fig. 3b).
Therefore, an ethanol concentration of 600 mmol/L was
chosen for subsequent experiments. The results high-
lighted that SCU (20, 40, and 80 pmol/L) pretreatments
significantly enhanced the activity of ethanol-induced
HepG2 in a dose-dependent manner (Fig. 3c).

The Nrf2/HO-1 pathway is regarded as one of the
most vital anti-oxidative stress mechanisms in cells and
has received growing attention (Li et al., 2020). Hence,
to explore the influence of SCU on the Nrf2/HO-1 path-
way, the protein levels of Nrf2 and HO-1 were detected
in vitro and in vivo. Ethanol resulted in a significant
rise in the intracellular level of ROS, whereas SCU pre-
treatment significantly inhibited the increase in ROS
level in a dose-dependent manner both in vitro and
in vivo (Figs. 3d and 3g). Ethanol inhibited Nrf2 trans-
port from cytoplasm to nucleus and the HO-1 expres-
sion both in vitro and in vivo. Meanwhile, SCU signifi-
cantly promoted the translocation of cytoplasm Nrf2
to the nucleus and the expression of HO-1 (Figs. 3e,
3f, 3h, and 3i). These results suggested that SCU may
play an antioxidant role by mediating the Nrf2/HO-1
pathway.

3.4 Effects of SCU on alcohol-induced pro-inflam-
matory mediators and NLRP3 inflammasome in
mice

ALD is relevant to the inflammatory response,
as it elevates the levels of several pro-inflammatory
mediators, such as iNOS and IL-6 (Kong et al., 2019).
The transcription levels of three proinflammatory
mediators, /L-15, IL-6, and TNF-a, were detected in the
liver tissues to explore whether SCU had any effect
on ethanol-induced liver inflammation. The activity of
iNOS was determined by a chemical detection kit.
Ethanol raised the levels of IL-1f, IL-6, and TNF-a
mRNA levels, and iNOS activity, leading to liver inflam-
mation; however, SCU reversed these changes (Figs. 4a—
4d). A previous study revealed that alcohol exposure
caused the activation of NLRP3 inflammasome, which
was relevant to the inflammatory response (Torres
et al., 2022). NLRP3, caspase-1 p20, and ASC expres-
sion levels were assessed by western blot to further
investigate the function of SCU on NLRP3 inflamma-
somes in acute ALD. Ethanol treatment raised NLRP3,
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caspase-1 p20, and ASC expression in contrast to the
control group, while SCU markedly suppressed these
increases (Figs. 4e—4h). Overall, these results indicated
that SCU prevented the inflammatory responses of
acute ALD via attenuating pro-inflammatory media-
tors and activating the NLRP3 inflammasome.

3.5 Inhibition of SCU on alcohol-induced activation
of the NF-kB pathway in vitro and in vivo

NF-«B, as a key nuclear transcription factor, is
thought to control inflammatory responses via regu-
lating the expression of pro-inflammatory mediators
(Nowak and Relja, 2020). Ethanol increased the pro-
tein level of p-NF-xB p65 and decreased the protein
level of IkBa. SCU significantly inhibited the ethanol-
induced elevation of p-NF-«B p65 and the degrada-
tion of IxBa in HepG2 cells in vitro (Figs. 4i—4k). Simi-
larly, but more markedly, SCU weakened the ethanol-
induced increase in p-NF-xB p65 in RAW264.7 macro-
phages (Fig. S1). Compared to the model group, SCU
pretreatment evidently decreased NF-«B p65 phos-
phorylation while prominently raising IxBa expression
in liver tissues (Figs. 4m—40). SCU also inhibited the
nuclear translocation of NF-kB p65 induced by ethanol
in HepG2 cells (Fig. 41). These results indicated that
SCU suppressed proinflammatory mediators induced
by ethanol via attenuating the NF-xB pathway.

3.6 Inhibition of SCU on ethanol-induced AKT and
p38 MAPK pathways in HepG2 cells

The AKT and mitogen-activated protein kinase
(MAPK) pathways are involved in the development
of alcoholic liver damage (Hoek and Pastorino, 2004).
To explore the effects of SCU on ethanol-induced
activations of AKT and MAPKSs, the levels of p-AKT,
p-p38, p-JINK, and p-ERK1/2 were measured in liver
tissues. The data revealed that ethanol induced remark-
able rises in the protein levels of p-AKT, p-p38, p-JINK,
and p-ERK1/2, while SCU pretreatment markedly in-
hibited the ethanol-induced increases in p-AKT and
p-p38 protein level but showed no significant difter-
ence in the level of p-JNK or p-ERK1/2 (Fig. 5). At
the same time, SCU inhibited the protein levels of
p-AKT and p-p38 in ethanol-treated RAW264.7 cells
(Figs. S2a and S2b). These results suggested that SCU
could inhibit the ethanol-induced activation of AKT
and p38 MAPK pathways.
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Fig. 4 Effects of SCU on acute ethanol-induced inflammatory mediators, the activation of NLRP3 inflammasome, and
NF-kB pathway. (a—c) mRNA expression of IL-1f, IL-6, and TNF-a in the liver. (d) iNOS activity in the liver. (¢) NLRP3,

pro-caspase-1, caspase-1 p20, and ASC expression in the liver
caspase-1 p20, and ASC protein expression in (e). (i) Protein |

determined by western blot. (f-h) Quantification of NLRP3,
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HepG2 cells after SCU (0, 20, 40, and 80 pmol/L) pretreatments for 1 h and ethanol (600 mmol/L) treatment for 24 h.
(j, k) Quantification analyses of p-NF-kB p65 and IkBa protein expression in HepG2 cells in (i). (I) The nuclear translocation
of NF-kB p65 detected by immunofluorescence (scale bar: 10 pm). (m) Protein levels of p-NF-kB p65 and IkBa in the
liver analyzed by western blot. (n, 0) Quantification analyses of liver p-NF-kB p65 and IkBa protein expression in (m).
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3.7 Role of p-AKT and p-p38 inhibition by SCU in
the regulation of NF-kB and Nrf2 signaling pathways

AKT and MAPKs are involved in the regulation
of NF-kB activation (An et al., 2019; Ji et al., 2019).
Next, we investigated whether SCU inhibited NF-xkB
activation by blocking p38 MAPK or AKT activity
in ethanol-treated HepG2 cells. Treatment with SB

203580 (a p38 inhibitor) and MK-2206 2HCI (an AKT
inhibitor) significantly inhibited ethanol-induced NF-kB
activation and IkBo degradation in HepG2 cells (Figs. 6a
and 6b). The effects of these agents were similar in
RAW264.7 cells (Figs. S2¢ and S2d). Moreover, both
SB 203580 and MK-2206 2HCI remarkably inhibited
Nrf2 activation and reversed the SCU-induced Nrf2
activation in ethanol-induced HepG?2 cells (Figs. 6¢ and
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6d). These results showed that the inhibition of p-AKT
and p-p38 by SCU was involved in the regulation of
NF-kB and Nrf2 signaling pathways.

4 Discussion

ALD is a serious condition threatening public
health, yet no effective strategy or medication has been
developed for its treatment (Liu et al., 2021). Alcohol-
induced inflammation and oxidative stress are import-
ant pathogenesis mechanisms of ALD. The natural
bioactive ingredients in herbal medicine have anti-
inflammatory and antioxidant properties and are expect-
ed to prevent ALD. This study aimed to determine
whether SCU exhibited a hepatoprotective effect in
acute alcoholic liver injury and explore its potential
mechanism.

Liver injury leads to elevated levels of ALT and
AST in the blood (Xu et al., 2018). Hence, blood AST
activity and ALT activity are important biochemical in-
dexes of liver injury. In our study, an acute alcoholic
liver injury mouse model was successfully established
by alcohol gavage, which was characterized by ele-
vated ALT and AST levels. Similar to other models of
acute alcoholic liver injury, H&E-stained liver tis-
sues display considerable structural disruption and
inflammation, with an increased infiltration of inflam-
matory cells (Liu X et al., 2019a; Fan et al., 2022).
SCU was reported to alleviate NAFLD and liver dam-
age induced via diosbulbin B, significantly reducing
ALT and AST levels (Niu et al., 2015; Fan et al., 2017;
Zhang XX et al., 2018). In our study, SCU pretreat-
ment markedly decreased the elevation of ethanol-
induced serum ALT and AST levels. In addition, the
hepatoprotective effect of SCU was further verified by
histopathological examination. The above results indi-
cated that SCU could protect from acute alcoholic liver
injury.

CYP2EL is one of the major enzymes in ethanol
metabolism (Leung and Nieto, 2013). Ethanol treat-
ment was shown to enhance transaminase levels and
aggravate liver histopathological damage in CYP2E1
overexpressing mice (Morgan et al., 2002). In contrast,
low CYP2E1 levels relieved liver damage induced by
ethanol in rats (Gouillon et al., 2000). Therefore,
CYP2EI could also be used as an index to evaluate
liver injury. In our experiment, the CYP2EI protein

was decreased in the liver after SCU treatment, indi-
cating that SCU can protect against acute alcoholic
liver injury.

Elevated CYP2E1 levels will give rise to the pro-
duction of ROS, ultimately leading to oxidative stress
(Chen et al., 2014). Oxidative stress is a major contribut-
ing factor to alcoholic liver injury (Kirpich et al., 2016).
The antioxidant enzymes SOD, CAT, and GSH-Px, as
well as the lipid peroxidation marker MDA, are gener-
ally used to evaluate oxidative stress levels (Ding et al.,
2015; Kirpich et al., 2016). Ethanol treatment lowered
antioxidant enzyme levels and increased MDA level
in the liver. SCU exerts antioxidant effects in various
diseases (Hu et al., 2019; Bian et al., 2020; Wang et al.,
2020). For instance, it decreased oxidative stress in dia-
betic cardiomyopathy by increasing antioxidant enzyme
activity (Xu et al., 2021). In this research, SCU alle-
viated oxidative stress by increasing the activity of SOD,
CAT, and GSH-Px, and decreasing the level of MDA.

Nrf2 is regarded as a crucial transcription factor
mediating redox balance and protecting cells from dis-
eases via regulating downstream antioxidant genes,
including HO-1, GSH-Px, glutamate-cysteine ligase
catalytic subunit (GCLC), CAT, and SOD (Otterbein
etal., 2003; Hayes and Dinkova-Kostova, 2014; Galicia-
Moreno et al., 2020). Some drugs functioned as pro-
tective agents against ALD by activating the Nrf2 path-
way (Sun et al., 2018; Zhao et al., 2018), whereas
Nrf2-deficient mice fed with ethanol had an increased
mortality rate compared with wild-type mice (Bataille
and Manautou, 2012), indicating that the Nrf2/HO-1
signaling axis may be an effective target to treat ALD
(Li et al., 2020). In addition, SCU exerted a hypogly-
cemic and renal protective role through the Nrf2/HO-1
signaling pathway (Liu YG et al., 2019). In this study,
SCU activated the Nrf2/HO-1 pathway both in vitro
and in vivo, suggesting that SCU might relieve acute
alcoholic liver injury via acting on the Nrf2/HO-1 path-
way to perform its antioxidant capacity.

Inflammation is another vital cause of acute alco-
holic liver injury (Song et al., 2018). Currently, there
are three main inflammatory pathways involved in
the development of ALD. First, changes in intesti-
nal permeability trigger an increase in the number of
pathogen-associated molecular patterns (PAMPs),
which in turn activate Kupffer cells (Liu, 2014). Second,
the DAMP produced by ethanol-induced hepatocyte
injury ultimately mediates inflammatory signaling.



Third, the migration of inflammatory cells to the liver
due to interorgan interactions further promotes inflam-
mation (Shim and Jeong, 2020). Previous acute alcohol-
induced liver injury models exhibited an increase in
the mRNA levels of IL-1f, IL-6, and TNF-a, the acti-
vations of NLRP3 inflammasome and NF-«B, and the
infiltration of inflammatory cells in the liver tissues of
BALB/c mice (Kong et al., 2019; Liu X et al., 2019a;
Fan et al., 2022). Consistent with our study, SCU mark-
edly decreased the levels of these pro-inflammatory
factors and alleviated inflammation. The NLRP3 inflam-
masome mediates responses to cellular danger signals
that activate and recruit inflammatory cells (Torres
et al., 2022). The activation of NLRP3 inflammasome
can cause liver injury (Chen et al., 2020), whereas the
inhibition of NLRP3 inflammasome activation protects
against acute liver injury elicited by lipopolysaccharide/
D-galactosamine (LPS/D-Gal) (Xiao et al., 2021). The
expression of NLRP3 is regulated by NF-xB (He et al.,
2016), which is involved in regulating inflammatory
mediators (Xu et al., 2018). Herein, SCU decreased
the alcohol-induced phosphorylation of NF-kB p65
and inhibited IxBa degradation, effectively inhibiting
NF-«B p65 activation. Overall, SCU might reduce
inflammation by diminishing the NF-xB pathway to
inhibit NLRP3 inflammasome activation, thereby pro-
tecting the liver.

A number of studies have suggested that exces-
sive ROS can activate AKT kinase and MAPK family
proteins (Zhang ZH et al., 2018; Chen et al., 2019).
AKT and MAPK family proteins, including p38, ERK1/
2, and JNK, are involved in various alcohol-induced
stress responses (Hoek and Pastorino, 2004). Accord-
ing to some scholars, ethanol induced the activation
of MAPKSs in HepG2 cells (Guo et al., 2016, 2020).
However, in some studies related to the alcoholic liver
injury model, alcohol treatment inhibited MAPKs
activity compared with the control group (Wang et al.,
2010), which might be related to the time, dose, and fre-
quency of alcohol exposure (Wang et al., 2010; Wu et al.,
2012; Li et al., 2015; Zeng et al., 2018). In this paper,
ethanol-induced activations of AKT, p38, ERK1/2, and
JNK were observed in HepG2 cells. SCU treatment
remarkably suppressed the activations of AKT and
p38, but had no effect on the activation of ERK1/2
or JNK. This suggested that SCU might play a role in
alcohol-induced hepatocyte injury by regulating AKT
and p38. Some studies have indicated that AKT and
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MAPK family proteins are involved in NF-xB activa-
tion (An et al., 2019; Ji et al., 2019). AKT activated the
NF-kB pathway by triggering the phosphorylation of
IkB kinase (IKK) or RelA/p65 (Lu and Wahl, 2005).
The activation of p38 MAPK can initiate the down-
stream NF-kB pathway (Wang et al., 2016). Similarly,
SCU may partially inhibit alcohol-induced NF-kB acti-
vation via suppressing the activation of AKT and p38
MAPK, thereby inhibiting alcohol-induced inflamma-
tory response and exerting an anti-inflammatory effect.

5 Conclusions

This study established a mouse ALD model and
demonstrated that SCU could protect against acute
alcoholic liver injury through reducing ALT, AST, and
MDA contents, improving CAT, GSH-Px, and SOD
activity, decreasing TNF-a, IL-1f, and /L-6 mRNA
levels, weakening iNOS activity, and abating NLRP3
inflammasome activation in mice. The potential pro-
tective mechanism of SCU may be through inhibiting
oxidative stress via regulating the Nrf2/HO-1 signal-
ing pathway, and blocking the inflammatory response
by regulating the AKT, p38 MAPK/NF-kB signaling
pathways (Fig. 7). Overall, our results showed that SCU
may be an effective candidate for protection against
acute alcoholic liver damage.
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